due to effects related to the environment, the material or the process. This is often not 13 preventable, although it is not preferred due to attractive forces altering the screening 14 efficiency. For the design of dry screening processes, phenomenological models and detailed 15 particle-based simulation approaches like the discrete element method (DEM) are available. 16
The latter method has recently been extended and validated against experiments to calculate 17 forces caused by liquid bridges formed out between particles or walls close to each other to 18 meet the requirements to tackle real particle systems under moist conditions. In the 19 investigation here, batch screening under the influence of moisture involving different sized 20 glass spheres is investigated numerically with DEM simulations and by using process models. 21
Therein, the related subprocesses stratification and passage as well as the influence of the 22 operating parameters and the liquid amount on the fraction retained per size class are 23 examined. Existing phenomenological process models, which can be applied efficiently for 24 industrial applications due to their short calculation time, are extended to represent batch 25 screening processes under moist conditions for the first time. Therefore, a benchmark is 26 realized in which the fraction retained per size class over time for discontinuous screening 27 under the influence of various amounts of liquid and different mechanical agitations obtained 28
by DEM simulations and process models is compared. In this context, the process models are 29 first adjusted to fit related simulation results and later used in a novel method to predict the 30 outcome of screening with different operating parameters and liquid amounts. Thereby, 31 process models, which consider the subprocesses stratification and passage, predict 32 screening results for process parameters requiring interpolation or extrapolation in the 33
Introduction

37
Screening is a simple but major process step used in a wide field of industrial applications to 38 perform a classification of bulk material into particles of requested size classes [1, 2] . Most of 39 performed investigations on screening only considered dry particles, whereas screening under 40 the influence of liquid has rarely been studied until now. The only exception are a few pure 41 experimental investigations considering different amounts of liquid [3] [4] [5] under process specific 42 conditions for particular applications. 43
To study screening and its subprocesses under moist or wet conditions in detail without 44 performing extensive experimental tests, the discrete element method (DEM) can be used. 45
This method was first introduced by Cundall and Strack [6] and proved as a suitable tool in 46 various investigations on screening [7] [8] [9] . In these studies, the fluid was omitted or the material 47 was assumed as dry resulting in a mostly undisturbed transport, stratification and passage of 48 the particles. In contrast, some researchers concentrated on wet screening applications and 49 coupled the DEM with methods to model the fluid flow like cell-based computational fluid 50 dynamics [10] or particle-based smoothed particle hydrodynamics [11] . In wet screening 51 processes, the liquid can support the transport of fine particles through the apertures. For 52 screening, dry or completely wet conditions are preferred over conditions where material is 53 only influenced by a slight amount of water, where the particles can adhere to each other and 54 the screening efficiency is reduced [4, 12] . For more details on this, Zhu et al. [13] provide an 55 overview of theoretical developments of discrete particle simulations of dry and wet particulate 56 systems. 57
angle. In contrast, the frequently used models by Willett et developed closed-form equations, which can be applied for capillary bridges containing varying 95 amounts of liquid formed out between unequal sized spheres with different contact angles. 96
For particle systems with a high liquid viscosity or large interparticle velocities, the 97 consideration of the viscous forces is necessary. A commonly used liquid bridge viscosity 98 model in the normal direction was proposed by Adams and Perchard [33] and later extended 99 and applied in a DEM framework by Pitois et al. [34] , who studied the viscosity effects of a 100 liquid bridge between two moving spheres. Furthermore, Goldmann et al. [35] 
Numerical method
137
In this section, the discrete element method including the applied contact and liquid bridge 138 force laws as well as the liquid distribution are briefly described. 139
The discrete element method
140
The tracking of particles and the calculation of their translational and rotational motion in 141 various systems can be realized by utilizing the DEM [13, 53] . Therefore, the Newton's and 142
Euler's equations are integrated 143
with particle mass , particle acceleration 2 ⃗ / 2 , contact force ⃗ , liquid bridge force ⃗ , 144 gravitational force ⃗, moment of inertia , angular acceleration � �⃗ / , angular velocity � �⃗ 145 and external moments resulting out of contact and liquid bridge forces ��⃗ . Both equations can 146 be solved by using explicit integration schemes (compare e.g. [54] ). sizes, (c) a particle with a large wall with rw > ri (side wall) as well as (d) with a small wall of rw < ri (screen wire).
150
For such a contact, the resulting contact force consists of normal and tangential forces 151
where a linear spring damper model is used to obtain the normal component as 152 
where is the tangential stiffness of a linear spring, is the friction coefficient, ⃗ is the 158 relative tangential displacement and ⃗ is the tangential unit vector [56] . 159
Liquid bridges in the discrete element method
160
In this investigation, only a small and uniformly distributed amount of liquid is added to the 161 particles to ensure the pendular state with individual liquid bridges between pairs of particles. 162
Several adhering forces result out of the existence of these liquid bridges, of which the capillary 163 and the viscous forces are applied in this work. The total liquid bridge force is obtained as 164
where ⃗ is the capillary force and ⃗ as well as ⃗ are the viscous forces in normal 165 and tangential direction, respectively. An extension is made for the external moment ��⃗ 166 (compare eq. (2)), which is now the sum of the moments due to a contact ��⃗ , and a liquid 167
A liquid bridge forms out between two particles i and j or a particle and a wall when they get 169 into contact under the influence of moisture (Figs. 1b-d ). For two spherical particles (compare 170 Fig. 1b) , the liquid volumes contributing from each particle are combined to the total volume of 171 the liquid bridge as 172
where and are the total liquid volumes present on particles i and j [37] .
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The volume of a liquid bridge between a particle i and a wall is = + . In case of a wall, 174 which is extending larger than the diameter of the particles (compare Fig. 1c) , the liquid volume 175 contributed from the particle is assumed to be 176
The liquid contributed from the wall is calculated as 177
where is the liquid film thickness on the wall. 178
For the case of a liquid bridge contact between a particle and a screen wire (compare Fig. 1d ) 179 the liquid that contributes from the particle is calculated as 180
The liquid contributed from the screen wire is assumed as 181
where 2 is the projection surface of the particle's spherical cap on the wall. Note that the 182 liquid bridge volume is assumed as constant as long as it exists. A detailed explanation and 183 derivation of the equations concerning the formation of a liquid bridge can be found in a 184 previous work by the authors [27] . 185
In the investigation here, the applied capillary force is based on the models used by Rabinovich 186 et al. [15] and Pitois et al. [34] , where the force is calculated at the neck of the liquid bridge 187 (compare Figs. 1b-d) . Therein, the capillary forces for a liquid bridge between two particles i 188 and j as well as between a particle and a wall are determined as 189
where is the surface tension coefficient, 
For a particle and a wall, is given as 196
Additionally, viscous forces have to be taken into account in this investigation, because the 197 applied screen apparatus induces a high frequency motion resulting in large interparticle 198 velocities. Here, the normal viscous force model proposed by Pitois et al. [34] is used, which 199 is given as 200
where is the liquid dynamic viscosity, for S < 0.1rreff and S ≥ 0.1rreff, respectively, which can be calculated as 204
with ⃗ = ⃑ − ⃑ − ⃑ as the tangential relative velocity from the translational motion and � �⃗ = 205 
with ≥ . Additionally, in this work, the dynamic rupture distance 211
proposed by Pitois et al.
[39] is applied to account for the rupture distance dependency of the 212 particle velocity. 213
Note that the rupture of a liquid bridge occurs at its thinnest point. This point is somewhere 214 located between the contact partners depending on the particle size, the contact angles and 215 the liquid bridge volume. This rupture location is decisive for the liquid share, which is received 216 by each contact partner after a rupture event. More details on the liquid distribution, the transfer 217 ratio and the contact angles as well as a numerical validation of the liquid bridge forces with 218 data from literature can be found in a previous publication by the authors [27] . Kinetic models are based on first order kinetics, whereas probabilistic models need additional 226 parameters like the probability of particles to pass an aperture e.g. by Gaudin [62] . Several 227 probabilistic models consider the screen motion, the aperture shape and size as well as the 228 particle composition and shape [45] [46] [47] 59 ]. In addition, some more complex phenomenological 229 screening models take the opposing subprocesses stratification and particle passage into 230 account by providing additional parameters [48] [49] [50] . However, besides some exceptions 231 [45, 47] , most of the existing models lack the ability to predict the outcome of screening 232 processes with different mechanical agitations or bulk characteristics satisfactorily. 233 Table 1 provides an overview of all applied screening process models in this investigation, where , , ,0 is the initial fractional mass of the particles at t = 0 s and , , is the remaining 242 fractional mass of the particles at time t. Note that both masses include the particles plus the 243 liquid assigned to the particles. 244 Table 1 : Major equations of the extended and applied phenomenological screening process models.
245
Model number and origin Major equations Adjustable parameters
Dong et al. [45]
(based on Subasinghe et al.
[46])
: aperture size w: wire diameter; : particle diameter
Soldinger [50]
, +1 = , − k , , � +1 − �; i: particle class; j: time index
; n: number of undersized particle classes
: fractional mass of undersized particles in bottom layer : fractional mass of undersized particles stratified into bottom layer , , , , ,
246
Subasinghe et al. [46] proposed a probabilistic screening model, where the probability Pi for a 247 particle to remain on the screen after Ni attempts is 248 ( ) = (1 − ) (22) where pi is the probability of the particle to pass the apertures in a single attempt, which is 249 calculated as 250
where a is the aperture size, di the particle diameter, w the wire diameter and the inclination 251 of the screen. For a horizontal batch screen, this correlation is simplified to 252
For a bulk of particles, the fraction retained per size class is calculated similar to eq. (22), by 253 using the average probability pi per size class. The probability is multiplied with the ratio of the 254 mass of one particle to the total initial mass fraction leading to 255
, , ,0 � . (25) The amplitude A and the frequency f influence the motion of the particles on the screen. The 256 motion is also dependent on the particle diameter di. For a continuously operated screen with 257 a thin particle bed, Dong et al. [45] found out that Ni is lower for larger A•f as well as for a larger 258
and Ni decreases nearly linearly for an increasing particle size di. Based on these 259 considerations and dimensional analysis, the number of attempts Ni is represented according 260
to Dong et al. [45] by 261
with the fitting parameters k, α, β, δ, the gravitational force g and the total length of the deck L. 262
In the investigation here, the last part of the equation has to be removed for a horizontal screen. 263
In case of batch screening, the length L has to be replaced by the time t. To maintain a 264 dimensionless value, the actual point in time t is set in relation to the total simulation time 265 resulting in 266
In case of screening under the influence of moisture, the liquid amount M influences the motion 267 of the particles on the screen by reducing their motion. Note that the term 1 -M is used to apply 268 this equation under moist and dry conditions (M = 0 %). Since the influence of the liquid 269 amount is not in advance quantifiable, a third fitting parameter has to be added, leading to 270
which is used in combination with eq. (24) and eq. (25) and referred to as model No. 1 in the 271 following. 272
The basis for kinetic screening models is the "first-order rate law" in which the explicit equation 273 for the fraction retained per size class of particles remaining above the screen is 274
where the screening rate constant is an adjustable parameter. 275
Subasinghe et al.
[48] also introduced a kinetic model, where besides the passage of the 276 undersized particles, the stratification of the small particles through the coarse material is 277 considered. A detailed derivation can be found in their work, leading to the following equation 278 for the fraction retained per particle size class i 279
Instead of the screening rate constant , the adjustable parameters , and , were 280 introduced. The parameter , is used to describe the fraction retained of particles above the 281 screen and not in contact with it, whereas , is applied to consider the fraction retained of 282 particles above the screen that are in contact with the screen. To apply eq. (30) for the 283 representation of batch screening processes, the screen length L is exchanged by the time t, 284 leading to 285
In order to make the model and its adjustable parameters , and , dependent on the screen 286 motion and the particle sizes according to model No. 1, the following equations are introduced 287
where = 1 ∑ =1 is the average particle size. The relations and are additionally 288 applied to consider the particle composition and to compensate for the lack of the particle 289 passage probability. 290
For screening under the influence of moisture, the motion of the particles on the screen is 291 influenced, which is realized similarly like in model No. 1, leading to 292 layer changes over time due to the concurrent mass streams ̇ and ̇, which are the 300 particles stratifying to the bottom layer and those passing the apertures and thus leaving the 301 bottom layer, respectively. This procedure is described by 302
where ∆ = +1 − is a fixed, discrete time step. 303
The fractional mass stream of stratified particles of class i can be calculated as 304
14 with ,∞ = ,0 / 0 as total proportion of undersized material in each fraction. The amount of 305 material in the bottom layer and the fractional and summed up passage rate are determined 306 by 307
and 308
respectively. , is limited by = 
in this investigation. The rate of stratification is obtained by the time dependent parameter 314
where the average diameter of the coarse particles , as well as the thickness of the top 315 layers in the particle bed , = , ( 2 • ), ⁄ with the mass of material in the top layer , , 316 the length and width of a quadratic screen W and the bulk density assumed as constant are 317 taken into account. In addition, , , and , , are both dependent on the proportion of fine 318 material in the top layer which is obtained by 319
The parameter , , = �−2. For the DEM simulations in this study, a batch screening apparatus is modeled according to a 328 modified "Haver and Boecker EML digital plus" batch screen tower with a circular screen 329 surface with a woven mesh and square apertures, which is applicable for dry and wet screening 330 (compare Fig. 2) . 331 
333
A feed bin is placed over the screen apparatus without direct contact, to avoid being influenced 334 by the screen motion. The particle passage is measured at the end of an outlet, which was 335 added to a corresponding experimental screen apparatus for an easier measurement 336 (compare [27] ). In each simulation in the investigation here, only one screen surface is used. The mechanical and physical particle and wall properties, which are relevant in the simulations, 349 are presented in Table 2 . In this investigation, glass spheres are applied in three different 350 equally distributed discrete size classes of d1 = 5 mm, d2 = 7 mm, and d3 = 10 mm. The 351 particles and the aperture size have the relation d1 < d2 < a < d3. In the following the particle 352 classes are called small (d1), near mesh (d2), which has the additional relationship 353 0.8a < d2 < a, and large (d3). The contact angles between the different materials and water as 354 outlined in Table 2 as well as the respective transfer ratios after a rupture event were obtained 355 in a previous work by the authors [27] . 356 The properties for the batch screening DEM simulations can be found in Table 3 and y-directions is low with maximum amplitudes of A < 0.1 mm. In the following, the set 370 amplitude is used to differentiate the cases. In addition to the liquid amount, either the 371 amplitude or the frequency is varied according to the values in Table 3 . 372 The DEM parameters coulomb friction , rolling friction and the coefficient of restitution 375 can be found in Table 4 for contacts of glass spheres with steel and other glass spheres. A 376 detailed strategy to obtain these parameters is outlined in a work by Elskamp et al. [63] . 377 All parameters for the performed DEM batch screening simulations and the process models 380 are listed in Table 5 . 381 
Results and discussions
384
After performing the DEM simulations according to Table 5 , the outcome is used to study the 385 fraction retained per size class for different configurations. In addition, the influence of the 386 subprocesses stratification and passage on the screening process is investigated. In the 387 following, parameters of process models are adjusted to fit the DEM screening results and a 388 comparison of the fraction retained per size class between DEM simulations and process 389 models is carried out. As the main novelty, the adjusted parameters are then applied in the 390 process models to predict the fraction retained per size class for various other configurations. nearly directly able to pass the apertures, whereas the particles of the upper layers have to 410 stratify to the bottom layer, which is intensely influenced by the operating parameters. 411
First, the amplitude is varied from the initial value of A = 1 mm to 0.8 mm and 1.2 mm (Fig. 3a) . 5 % is applied (compare Fig. 3g ). Although the frequency is enlarged, a low amplitude under 451 moist conditions leads to short strokes, which are not able to provide enough opportunities for 452 the undersized particles to stratify towards the apertures to pass through them. In Fig. 3h,  453 under the influence of M = 5 %, the operating parameters are both increased or both 454 decreased, respectively. As expected, these simulation results reveal the fastest and the 455 slowest decrease of the fraction retained when applying the same liquid amount. 
461
In order to find out the influence of the added water, simulations with various liquid amounts 462 and constant operating parameters were performed and are shown in Fig. 4 . For the initial 463 configuration with A = 1 mm and f = 50.6 Hz (Fig. 4a) , an increase of the liquid amount results 464 in a lower passage rate and thereby to larger values for the fraction retained per size class 465 independent of particle size. After t = 20 s, some small and near mesh moist particles are still 466 on the screen surface. By adding a small liquid amount, the particles stick to each other and 467 the loosening of the particle layers and thereby the stratification is reduced. 468
In the next investigations, one operating parameter is changed in each case in comparison to 469 the initial configuration. The results for the simulations with a lower amplitude of A = 0.8 mm 470 (Fig. 4b) reveal a similar impact of the added water, but after t = 5 s the curves for the dry 471 particles stagnate more intensively than the other curves due to a larger amount of blocked 472 apertures and the difference to the configuration with M = 2.5 % is equalized. If the amplitude 473 is increased to A = 1.2 mm (Fig. 4c) , the influence of the liquid amount is similar to the initial 474 case. The fraction retained is larger if more water is in the system and at t = 20 s, some of the 475 moist undersized particles are still on the screen. 476
The results for a lower frequency of f = 45.8 Hz (Fig. 4d) (Fig. 4f) , the decrease of the fraction retained is slightly lower for M = 2.5 % in 485 comparison to dry screening, but obviously lower for M = 5 %. In the dry case, the larger 486 frequency is able to compensate for the low amplitude, which is not possible for a larger liquid 487 amount. 488 frequencies can lead to a faster stratification up to a critical value. That statement has to be 494 verified for the setup applied in this investigation. Additionally, the influence of the liquid amount 495 on the stratification is studied. In order to evaluate the particle stratification, several possibilities 496 are available (compare [8, 44] ). 497
Stratification and passage under the influence of moisture
For the first one, the already performed simulations are sufficient. Therein, the particle bed in 498 the screening process is divided in the bottom layer (compare section 3) and the particles 499 above the bottom layer (top layer). The average time, which the undersized particles need to 500 23 stratify from the top layer to the bottom layer, is compared in Fig. 5 for the near mesh sized 501 (td2) and small particles (td3). In all the simulations, the particles with the larger diameter d2 502 need more time to stratify to the bottom layer than the particles with the smaller diameter d3. 503
In the initial case, the near mesh sized and small particles need averagely td2 = 3.62 s and 504 td3 = 2.05 s, respectively. While an increase in amplitude and frequency reduces the residence 505 time for both particle sizes, a larger liquid amount extends it in all cases. By applying larger 506 operating parameters and a lower liquid amount, the particle throws are enlarged and thereby, 507 the loosening of the particle bed is supported, resulting in gaps for the small particles to stratify 508 towards the screen surface. 509 
511
In order to completely separate the stratification process from the passage process, the same 512 setup as before is applied but the screen surface is replaced by a plate without apertures 513 (a = 0) and the particles are directly placed on this surface. The plate is vibrated for a time of 514 t = 10 s and the positions of the particles are tracked. Thereafter, the accumulated deviation 515 of the average particle height per particle size class from the total average particle height over 516 time t as parameter for comparison is calculated, which is given as 517
where nclass is the number of size classes, npart is the total number of particles, npart,j is the 518 number of particles in the respective size class j, zi is the height of a particle i and zi,j is the 519 height of particle i belonging to size class j in the system. In Fig. 6 the accumulated deviation 520 h* over time t is shown for the initial case (A = 1 mm, f = 50.6 Hz, M = 0 %) and different 521 amplitudes, frequencies and liquid amounts, where only one parameter is varied at a time. 522
At t = 0 s, the particles are well mixed resulting in h* = 0, whereas this value increases for a 523 progressive stratification. The results confirm the observations made before. A larger 524 
531
Concerning the subprocess passage, it is known from the work by Dong et al. [45] , that larger 532 amplitudes and frequencies result in less attempts for the particles to pass the apertures. This 533 is only valid for a screening process with a thin layer of particles. Therefore, the initial setup is 534 applied, but only a quarter of the particles is directly placed above the screen surface. The 535 passage of a particle is recorded as soon as it is tracked below the screen surface. The Table 3 .
543
Particularly for the near mesh sized particles, but also for the small particles, the fraction 544 retained decreases faster for a lower amplitude or frequency and vice versa (compare Fig. 7a) . The particle throws are shorter and thereby, the particles get more attempts to pass the 546 apertures. In Fig. 7b the liquid amount is increased from M = 0 % to 2.5 % and 5 %. The 547 passage of the small particles is slightly increased for a larger liquid amount, whereas the near 548 mesh sized particles reveal varying results. While an increase to M = 2.5 % slows down the 549 passage, the fraction retained value decreases faster for a larger liquid amount of M = 5 %. 550
The reason for this varying behavior is that the throws of the particles under the influence of 551 liquid are shorter giving the particles more attempts to pass the apertures, whereas the liquid 552 bridges between the particles and the screen wires aggravate the passage. 553
In summary, the amplitude, the frequency and the liquid amount influence the two 554 subprocesses stratification and passage contrarily to some extent. Therefore, these processes 555 should be considered separately in a process model, which is further discussed in the following 556 for the initial case (Fig. 8a) , two different liquid amounts (Figs. 8b,c) , a larger frequency 577 (Fig. 8d) , a larger amplitude combined with a small liquid amount (Figs. 8c,e) as well as a large 578 amplitude, frequency and liquid amount (Fig. 8f) . 8) . 593
For a larger frequency (Fig. 8d) or amplitude (Fig. 8e) or both (Fig. 8f) The averaged deviations between the fraction retained per size class obtained by 612 phenomenological screening models sorted according to Table 1 and discrete element  613 simulations summed up for all investigated simulations according to Table 5 are presented in 614 Fig. 9 and Fig. 10 . In Fig. 9 , the process models are adjusted to the simulation results applying Additionally, these results are compared to the best possible adjustment when one set of 622 parameters for each simulation is used (Fig. 9, bars comparison to the other models is independent of the values of the operating parameters or 627 the liquid amount (compare Fig. 9, right bars) . 628 
633
Overall, all models are better in representing simulations with a faster decline of the fraction 634 retained, whereas the deviations increase for a slower decline of the fraction retained due to 635 lower amplitudes, frequencies and larger liquid amounts. If the models are adjusted with one 636 set of parameters to all simulation results (compare Fig. 9, left bars) is used for all simulations (Fig. 9, left bars) or one for each simulation (Fig. 9, right The capability of the extended process models to predict simulation results by applying one 648 set of parameters adjusted to simulation results under different configurations is investigated 649 in the following and the summed averaged deviation is shown in Fig. 10 . Note that only the 650 deviations of the predicted results to the DEM simulations and not those of the adjusted ones 651 are compared. In this analysis, the process models are adjusted to the first named simulations 652 (numbers in front of the arrows in Fig. 10 ) before the adjusted parameter set is applied to 653 predict the second named simulations (numbers behind the arrows in by applying the models Nos. 2 and 3, because they both consider the subprocesses 670 stratification and passage, which are influenced contrarily by the operating parameters. 671
In Fig. 10b 
